A variety of cellular processes are carried out by highly complex ribonucleoprotein (RNP) particles in which multiple RNA-RNA, RNA-protein, and protein-protein interactions occur. The spliceosome, which executes the nuclear pre-mRNA splicing reaction, is a particularly striking example of a complex RNP, containing a minimum of 50 distinct protein components as well as five small nuclear RNAs. In order to identify which among the numerous proteins may play critical roles in the splicing reaction, we have assembled spliceosomal complexes on pre-mRNA containing a single 32 P-labeled nucleotide, isolated the complexes by gel filtration, and then carried out UV crosslinking. The combination of these three methods has allowed the identification of proteins that crosslink to critical sequence elements during each stage in spliceosome assembly. These methods should be generally applicable to the analysis of RNP complexes assembled in vitro. © 1999
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Complex ribonucleoprotein (RNP) particles have numerous important cellular functions, including pre-mRNA splicing, ribosomal RNA processing, tRNA processing, 3Ј end formation, polyadenylation, mRNA editing, protein translation, signal sequence recognition, and telomere extension. Although the protein components of many RNPs have been identified and are known to be essential for function, the specific roles of these proteins have been difficult to determine. Insights into the functions of individual proteins, as well as insights into the assembly and structure of RNPs, can be gained by determining where on the RNA a particular protein binds within functional complexes. A major advance that has made it possible to identify protein-binding sites in functional complexes was the advent of a method for 32 P labeling of an RNA molecule at a single residue or within a specific segment of the RNA (1). This site-specific labeling method entails synthesizing the RNA molecule in two segments, labeling one of the segments with 32 P, and then ligating the two segments to recreate the full-length RNA. DNA ligase and a bridging DNA oligonucleotide complementary to the two RNA segments are used for the ligation (1) . This technique, in combination with a variety of RNA-protein crosslinking methods, has proven to be a powerful strategy for identifying specific sites where proteins crosslink within spliceosomal complexes (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In particular, site-specific 32 P labeling and RNA-protein crosslinking studies have led to important models for specific events in the splicing pathway. For example, Wyatt and coworkers (6) introduced a modified nucleotide containing a photochemical crosslinker (4-thiouridine) upstream of the 5Ј splice site and found that a U5 snRNP protein (U5 220 ) specifically crosslinks to this nucleotide prior to the catalytic steps of the splicing reaction. Similar studies in both yeast and mammals showed that U5 220 also crosslinks downstream of the 3Ј splice site after the first catalytic step of splicing (8, 10 -12) . Together, these data led to the model that U5 220 plays a role in aligning the 5Ј and 3Ј exons for ligation (6, 11, see 13 for review). Sitespecific labeling and UV crosslinking studies have also revealed that different members of the SR protein family of splicing factors are arranged in a specific 5Ј to 3Ј order on an exonic splicing enhancer (14) .
In our work, we have combined the techniques of site-specific 32 P labeling, isolation of spliceosomal complexes, and UV crosslinking to identify protein crosslinking sites in functional spliceosomal complexes (12, (15) (16) (17) . In addition, we have used 2D gel electrophoresis to identify many of the crosslinked proteins (12, 15) . Together, these approaches have revealed numerous spliceosomal proteins that crosslink to the pre-mRNA at critical sequence elements and at specific stages in spliceosome assembly. For example, a set of six highly conserved U2 snRNP proteins crosslink to pre-mRNA on both sides of the branch site at an early stage in spliceosome assembly (15) . This observation, together with other data, has led to specific models for how U2 snRNP is recruited to the branch site and how it is stably bound throughout the splicing pathway (15) (16) (17) . In addition, UV crosslinking studies identified a set of U5 snRNP proteins that span the distance from the branch site to the 3Ј splice site prior to catalytic step II (12) . In combination with analysis of specific mutant pre-mRNAs, the data led to a model that the 3Ј splice site is selected via a branch siteto-3Ј splice site measuring mechanism (12) . Finally, several novel proteins that interact at the branch site and 3Ј splice site at different stages in spliceosome assembly have been identified (18) . Thus, identification of the sites of crosslinked proteins on the pre-mRNA, in combination with other studies, has proven to be an important method for gaining insights into the assembly, structure, and functioning of the spliceosome. The crosslinking data also target specific proteins for further functional analyses. The methods that we have used for site-specific 32 P labeling (Section 1), spliceosome assembly and isolation (Section 2), and UV crosslinking and protein analysis (Section 3) are described below.
METHODS
1. Synthesis of Site-Specific 32 P-Labeled RNAs
Synthesis of Transcription Templates for the 5Ј and 3Ј RNA Substrates
The DNA template for the full-length RNA transcript should be cloned into an T7 or SP6 plasmid vector (e.g., SP73 from Promega). This transcription template and appropriate oligonucleotides are used in PCR reactions to generate the 5Ј and 3Ј DNA templates. For synthesis of the 5Ј DNA template, the forward primer (F5Ј) is complementary to the T7 promoter, and the reverse primer (R5Ј) is complementary to the 3Ј terminus of the 5Ј RNA substrate (see Step 1, Fig. 1 ). For synthesis of the 3Ј DNA template, the forward primer (F3Ј) contains the sequence of the T7 promoter (5ЈTAATACGACTCAC-TATA3 Ј) followed by the first 18 nucleotides (nts) of the 3Ј RNA substrate. The reverse primer (R3Ј) is 18 nts and is complementary to the 3Ј terminus of the 3Ј RNA substrate (see Step 1, Fig. 1 ).
PCR conditions should be optimized for each pair of primers so that the yields of the 5Ј and 3Ј DNA templates are between 50 and 500 pmol. After the PCR reactions, the 5Ј and 3Ј DNA templates are purified on an agarose gel. This step is carried out using the Qiaex II gel extraction kit (Qiagen) according to the manufacturer's directions.
Synthesis of the 5Ј and 3Ј RNA Substrates
After preparation of the 5Ј and 3Ј DNA templates, they are used for synthesis of the 5Ј and 3Ј RNA substrates (Step 2, Fig. 1 ). An important consideration when choosing the site for site-specific 32 P labeling is that T7 polymerase requires a guanosine residue for efficient initiation. In addition, we have observed that DNA templates initiating with GU are not transcribed at all whereas GA, GG, or GC can be efficiently transcribed. Therefore, in some cases, the RNA sequence must be altered for efficient transcription. If altering the RNA sequence is not possible and/or the RNA substrate is short enough, a synthetic RNA can be used (e.g., see 14) .
The in vitro transcription is performed in a 200 l final volume reaction mixture containing 40 mM Tris, pH 7.6, 6 mM MgCl 2 , 2 mM spermidine, 10 mM DTT, 0.01% Triton X-100, 0.4 mM ATP, 0.4 mM CTP, 0.2 mM GTP, 0.2 mM UTP, 1.5 l RNAguard (Pharmacia), ϳ1-2 pmol of the DNA template, 18 l T7 RNA polymerase (New England Biolabs), and 840 M GpppG (for synthesis of the capped 5Ј RNA substrate) or 2 mM guanosine (for synthesis of the 3Ј RNA substrate).
If we plan to purify the spliceosome by biotin/ avidin affinity chromatography (Section 2.4), the transcription mixture also contains a final concentration of 30 M biotin-11-UTP (ENZO Diagnostics, Inc).
Transcription reactions are incubated at 37°C for 1-3 h. The DNA template is then digested by addition of 1 l of DNase I (Pharmacia) and incubation at 37°C for 10 min. Subsequently, the mixtures are phenol extracted. An equal volume (i.e., 200 l) of 5 M ammonium acetate and 2 l of glycogen (as a carrier, Boehringer Mannheim) is added to the aqueous phase. After mixing, the RNA is precipitated by adding 3 vol of 100% ethanol and spinning for 15 min in a microfuge. The pellet is resuspended in 20 l of water.
After transcription, the 5Ј and 3Ј RNA substrates must be gel purified. To do this, RNA substrates are fractionated on a denaturing polyacrylamide gel, visualized by UV shadowing, and excised from the gel. The isolated gel pieces are then crushed in a microcentrifuge tube using a siliconized glass rod until a paste is formed. The RNA is eluted from the gel by adding 250 l of elution buffer (0.2 M Tris, pH 8.0, 25 mM EDTA, 0.3 M NaCl, 2% SDS) and incubating at 65°C for about 10 min. After microcentrifugation at room temperature for 10 min to pellet the acrylamide, the supernatant containing the eluted RNA is collected. For more efficient recovery of the RNA, a second elution is recommended using 150 l of the elution buffer. The two elutions are then pooled, phenol extracted, and precipitated by adding 2 l of glycogen and 2.5 vol of 100% ethanol.
The yield of 5Ј and 3Ј RNA substrates can be determined by measuring the OD at 260 nm. Alternatively, a tracer level of [ 32 P]UTP can be included in the transcription mixture and used to calculate the amount of incorporated NTPs (under our conditions indicated above, the limiting NTPs are present at 0.2 mM. Thus, if 50% of the tracer 32 P is incorporated, 26 g of RNA will be generated in a 200 l reaction). We have found that the efficiency of transcription varies significantly for different templates. These differences may be due to the length or sequence of the RNA.
FIG. 1.
Steps for site-specific 32 P labeling of RNA. 32 P label. To produce an RNA with a single site-specific 32 P label, the 5Ј G residue of the 3Ј RNA substrate is phosphorylated with T4 polynucleotide kinase and [␥-
Producing an RNA with a single sitespecific
32 P]ATP (Step 3, Fig. 1 ). The conditions for this reaction are as follows: 50 pmol of the 3Ј RNA substrate are first denatured in 12 l of ddH 2 O by heating at 65°C for 2 min. The RNA is then added, on ice, to a 20-l reaction mixture containing 2ϫ OPA buffer (supplied with the kinase from Pharmacia), 50 pmol of [␥-
32 P]ATP (7000 Ci/ mmol), and 2 l of T4 polynucleotide kinase (Pharmacia). The reaction is incubated at 37°C for 30 min followed by phenol extraction and ethanol precipitation with ammonium acetate (as described for the transcription reaction above). Note that the ammonium acetate precipitation removes the unincorporated [␥-
32 P]ATP.
Producing an RNA with a single 32 P-labeled segment.
To label a specific segment of an RNA molecule (e.g., exon 1 of a pre-mRNA), this RNA segment is synthesized in a standard transcription reaction (as described above) but containing 32 Plabeled ribonucleotides. The transcription reaction mixture contains 50 Ci each of 32 P-labeled ATP, GTP, CTP, and UTP (3000 Ci/mmol) and 40 M unlabeled GTP, UTP, ATP, and CTP. If necessary, the specific activity of the 32 P-labeled RNA can be increased by lowering the levels of cold nts. The transcription reaction mixture contains the cap nucleotide (GpppG) for synthesis of the 5Ј RNA and GMP for transcription of the 3Ј RNA. Use of all, instead of only one, 32 P-labeled rNTP is recommended to increase the chances of detecting proteins that crosslink to the labeled segment of RNA. The other RNA substrate for ligation is synthesized in a standard transcription reaction containing cold rNTPs. We have only labeled segments containing either 5Ј or 3Ј portions of the RNA. However, it is possible to label a segment in the middle if a threeway ligation is performed (e.g., 14).
RNA Ligation
The 5Ј and 3Ј RNA substrates are ligated using T4 DNA ligase and a bridging DNA oligonucleotide (oligo). The recommended length of the linker oligo is about 30 nts with complementarity to 15-nt segments on both the 5Ј and the 3Ј RNA substrates (Step 4, Fig. 1 ). It is critical that the oligo is annealed to the two RNAs with no unpaired bases. The RNA substrates are hybridized to the linker oligo by mixing 75 pmol of the 5Ј RNA, 50 pmol of the 3Ј RNA, 50 pmol of the linker oligo, and 2 l 10ϫ DNA ligation buffer (New England Biolabs) in a 43-l reaction mixture. This mixture is heated at 65°C for 1 min and then placed at room temperature and allowed to cool to room temperature for 30 min. The annealed substrates are subsequently ligated by adding 2 l of the 10ϫ ligation buffer (New England Biolabs), 3 l RNAguard (Pharmacia), and 2 l of T4 DNA ligase (2 ϫ 10 6 U/ml; New England Biolabs). The ligation is carried out at 25°C for 4 to 12 h.
After ligation, the reaction mixture is phenol extracted and ethanol precipitated. The ligation still contains high levels of nonligated RNA substrates and the oligo. Thus, it is necessary to gel purify the ligated pre-mRNA. As the ligations are generally not very efficient, we have found that the simplest way to perform the gel isolation is to mix in 0.5-1 g cold full-length pre-mRNA with the ligated pre-mRNA. This cold RNA, which comigrates with the sitespecific 32 P-labeled pre-mRNA, can then be visualized by UV shadowing and excised from the gel. We recommend mixing in the smallest amount of cold pre-mRNA necessary for visualization because the cold pre-mRNA obviously lowers the specific activity of the site-specific 32 P-labeled pre-mRNA. The cold pre-mRNA is synthesized in standard transcription reactions containing unlabeled rNTPs and the 5Ј cap nucleotide. Alternatively, the position of the ligated product on the gel can be detected on a film and the band excised, or the full-length RNA can be run as a marker in an adjacent gel lane.
Spliceosome Assembly and Isolation

Optimizing the Spliceosome Assembly Reaction
In order to maximize the chances of detecting a specific crosslinked spliceosomal protein, several parameters of the spliceosome assembly reaction must be optimized. When pre-mRNA is incubated in nuclear extracts, it assembles into five distinct complexes, the H, E, A, B, and C complexes (for reviews, see 19, 20) . The nonspecific complex H and the earliest functional spliceosomal complex E assemble first and in the absence of ATP. The A, B, and C spliceosomal complexes assemble in the presence of ATP, and the two catalytic steps of splicing take place in the C complex. The H complex is also detected in the presence of ATP, but degrades during the course of the splicing pathway. Although the functional significance of the H complex is not known, it is clear that this complex consists virtu-ally entirely of hnRNP proteins (21) . These proteins crosslink to RNA extremely efficiently in the H complex but do not appear to crosslink in the spliceosomal complexes (22) . Because the hnRNPs crosslink so efficiently, large amounts of H complex in the spliceosome assembly reaction will obscure detection of the crosslinked spliceosomal proteins. There are two steps that we have taken to overcome this problem.
1. Minimize the levels of the H complex. The H complex assembles on every pre-mRNA or nonspecific RNA incubated in nuclear extracts. In the case of pre-mRNAs, there is most likely a competition between spliceosome assembly and H complex assembly. The efficiency of spliceosome assembly relative to H complex assembly varies significantly on different pre-mRNAs and in different preparations of nuclear extracts. Thus, we titrate the amount of pre-mRNA that we use for the spliceosome assembly reaction. The A, B, and C spliceosomal complexes are readily distinguished from the H complex on a native gel (23). This assay is used to determine the maximal amount of pre-mRNA that yields a high ratio of spliceosomal complexes to the nonspecific H complex. For the E complex, this ratio must be determined on a gel filtration column because the E complex dissociates on native gels (24) . We use uniformly labeled pre-mRNA to carry out these titrations.
2. Isolate the spliceosomal complex. The spliceosomal complexes, E, A, B, and C, all elute in the same fractions on a Sephacryl S500 gel filtration column whereas the H complex elutes in a separate peak (see Fig. 2 ). Thus, if the levels of the H complex are not too high, this complex can be readily separated from the spliceosomal complexes using gel filtration. Crosslinking patterns that are highly specific for the spliceosomal complexes or the H complex can then be obtained (18, 22, 25) .
Assembly of Spliceosomal Complexes on SiteSpecific
32
P-Labeled Pre-mRNA After determining the appropriate amount of premRNA to use for spliceosome assembly, the amount of site-specific 32 P-labeled pre-mRNA obtained from the ligation (Section 1.4) must be determined. Generally, we have found that the ligation efficiencies are not very high. Thus, we assume no contribution from the site-specific 32 P-labeled pre-mRNA when determining the amounts of pre-mRNA that we have. If cold pre-mRNA was mixed with the sitespecific 32 P-labeled pre-mRNA during the gel isolation (Section 1.4), an estimate of the amount of total pre-mRNA can be made. This amount of pre-mRNA can then be adjusted by adding additional cold premRNA.
Two important parameters for ensuring that crosslinked proteins can be detected are the specific activity of the site-specific 32 P-labeled pre-mRNA and the scale of the splicing reaction. The crosslinking efficiency varies considerably for different proteins and thus these two parameters must be adjusted accordingly. A typical reaction that we use to detect crosslinked proteins in an overnight exposure on a phosphorimager cassette contains ϳ10 7 cpm of the site-specific 32 P-labeled pre-mRNA (using Cerenkov counting) and ϳ400 ng of AdML pre-mRNA (which is ϳ250 nts long and assembles complexes very efficiently) in a 500-l splicing reaction (see below for reaction contents and conditions). We have found that it is not a good idea to use larger scale splicing reactions because the levels of proteins are so high that they remain in the well of the SDS gel. If the efficiency of the site-specific labeling is low (e.g., 10 6 cpm of labeled pre-mRNA), a smaller scale splicing reaction should be used and no extra cold pre-mRNA should be added.
Assembly of the E complex.
To assemble the ATP-independent E complex, the nuclear extract is incubated at room temperature for 20 min to deplete the endogenous ATP (24) . Without this depletion, significant levels of the A complex will form. The reaction contains 400 ng pre-mRNA (sitespecific 32 P-labeled pre-mRNA (10 7 cpm) ϩ cold premRNA), 150 l SDB (splicing dilution buffer, 20 mM Tris, pH 7.6; 100 mM KCl), 150 l ATP-depleted nuclear extract, and water to 500 l.
The reaction is incubated at 30°C for 20 min and then placed on ice.
Assembly of the A, B, and C complexes.
To assemble the A, B, and C complexes, reactions consist of 400 ng site-specific 32 P-labeled pre-mRNA (10 7 cpm) ϩ cold pre-mRNA, 150 l SDB (splicing dilution buffer, 20 mM Tris, pH 7.6; 100 mM KCl), 150 l nuclear extract, 20 l 0.5 M creatine phosphate (di-Tris salt), 20 l 12.5 mM ATP, 20 l 80 mM MgCl 2 , and water to 500 l.
The reaction is incubated at 30°C for 2-10 min (A complex), 10 -15 min (B complex), or 20 -40 min (C complex) and then placed on ice (23, 26, 27). These are the conditions that we have established using our extracts and pre-mRNAs that assemble complexes efficiently. There will be differences for other pre-mRNAs and extracts, and thus, the conditions must be optimized. We note that the A complex is contaminated with the B complex at the later time points, and the B complex is usually contaminated with some A complex at all time points. Also, depending on the efficiency of catalytic step II, the C complex is present in low levels at the later time points and is contaminated with the earlier complexes at the earlier time points. We have used a pre-mRNA containing a GG substitution of the AG dinucleotide at the 3Ј splice site to block step II and accumulate the C complex (28) . A longer incubation (e.g., 1 h) can then be used which eliminates any contaminating B complex.
Isolation of Spliceosomal Complexes by Gel
Filtration After assembly of the spliceosomal complexes, they are loaded directly onto gel filtration columns. As mentioned above, this step is critical because it isolates the complexes from the H complex. In addition, all of the spliceosomal complexes are functional (i.e., they can be chased to spliced products in complementation assays) when isolated under these gel filtration conditions (29 -31) . Thus, it is likely that the isolated complexes contain most, if not all, of their normally associated functional components.
We load the splicing reactions onto 1.5 ϫ 50-cm Sephacryl S500 columns equilibrated in FSP buffer (20 mM Tris, pH 7.8, 0.1% Triton X-100, 60 mM KCl, 2.5 mM EDTA) (29) . We have recently found that the complexes elute in the same position when the column buffer contains 20 mM Hepes, pH 7.9, 60 mM KCl. We have not carried out crosslinking of these complexes, but assume that it would be the same. Although the maximal sample volume that can be loaded on this 80-ml gel filtration column is 2.4 ml, for the purposes of the UV crosslinking studies, we load 250-to 750-l splicing reactions. The smaller splicing reactions are optimal because the less total nuclear extract present in the gel filtration fractions, the better the sample fractionates on gels (Section 3.3.1).
The gel filtration column is run at a flow rate of 7-8 ml per hour, and we collect eighty 1-ml fractions. Aliquots (25 l) of fractions 25 through 80 are then Cerenkov counted. As shown in Fig. 2 , the first peak that elutes is the void volume of the column and contains aggregated material. The next peak contains the spliceosomal complexes which are followed by the H complex. Finally, the degraded RNA elutes in the total volume of the column. Aliquots (300 l) of the fractions containing the complexes are collected and immediately UV crosslinked (Section 3).
Analysis of pre-mRNA and splicing products in gel filtration fractions.
We analyze the premRNA and splicing products in the gel filtration fractions in order to ensure that the pre-mRNA is not degraded and also to determine the levels of catalytic step I and step II products in the gel filtration fractions (for the C complex). An aliquot (100 l) of the gel filtration fraction containing the spliceosomal complex is mixed with equal volume of 2ϫ PK buffer (0.2 M Tris, pH 8, 25 mM EDTA, 0.3 M NaCl, and 2% SDS) and 5 l 10 mg/ml proteinase K. The reaction mixture is incubated for 10 min at 37°C to degrade the proteins. The mixture is then phenol extracted, 2 l glycogen is added, and 3 vol of 100% ethanol is added to precipitate the RNA. The premRNA and splicing products are analyzed on a denaturing polyacrylamide gel. Note that when the pre-mRNA is labeled at a single nucleotide, some of the step I and step II products may not be detected.
Isolation of Spliceosomal Complexes by Gel
Filtration/Affinity Purification Another strategy that we have used to isolate spliceosomal complexes is gel filtration followed by biotin/avidin affinity purification (32) . The advantage of this strategy in combination with site-specific 32 P labeling/UV crosslinking is that the identity of the crosslinked protein can be determined by analyzing the purified spliceosome on a 2D gel. However, we note that some of the proteins detected by crosslinking gel filtration-isolated spliceosomes are not detected in the spliceosome crosslinked after affinity-purification (12, 18, 25) . This is most likely because these proteins dissociate during the more stringent conditions used for the affinity purification.
To isolate complexes by gel filtration and biotin/ avidin affinity purification, biotinylated UTP is included during the synthesis of the 5Ј and 3Ј RNA substrates (Section 1.2) (32, 33). These biotinylated substrates are then used in the RNA ligation to produce full-length site-specific, 32 P-labeled, biotinylated pre-mRNA. Spliceosomal complexes are assembled on this pre-mRNA exactly as described (Section 2.2) and isolated by gel filtration (Section 2.3). The fractions containing the spliceosome are pooled, the salt is raised to a final concentration of 250 mM NaCl, and 10 -15 l/ml of avidin agarose (Vector Labs) is added. After rotating overnight at 4°C, the avidin agarose is pelleted in a table-top centrifuge and washed four times using a volume of buffer for each wash that is equal to that of the pooled fractions. The wash buffer contains 250 mM NaCl, 20 mM Tris, pH 7.9. The final wash is carried out in a buffer containing 50 mM NaCl, 20 mM Tris, pH 7.9. This lower salt buffer is necessary for sample preparation for 2D gel electrophoresis. After washing, all of the buffer is removed so that the beads are as dry as possible. These beads, containing the spliceosomal complexes, are then crosslinked immediately (Section 3).
UV Crosslinking and Analysis of Spliceosomal Complexes
UV Crosslinking
UV crosslinking of the gel filtration fractions is carried out by irradiation on ice with 254-nm UV light (Sylvania G15T8 lamp) for 5 min. The sample should be 5.5 cm from the light source. The volume of fractions in each 1.5-ml microcentrifuge tube should not exceed 300 l. For UV crosslinking of affinity-purified complexes, the washed avidin agarose beads containing the spliceosomal complexes are irradiated as indicated above. The crosslinked fractions can then be processed further or frozen at Ϫ80°C.
RNasing Crosslinked Complexes
After crosslinking, the RNA is digested with either RNase A or RNase T1 or a combination of both. RNase A cleaves after pyrimidines whereas RNase T1 cleaves after guanosines. Thus, the crosslinked protein can be localized to an RNase fragment, and the crosslinking site can be further localized by using different combinations of these enzymes. However, we note that for many of the spliceosomal proteins that we have analyzed, the RNA is protected by the bound proteins. Thus, we have had to label several nts in the vicinity of the crosslinked protein and use a combination of RNase A and T1 in order to narrow down the site where the protein crosslinks.
RNase A: To digest the RNA, 5 l of 2 mg/ml RNase A is added to a 300-l aliquot of crosslinked gel filtration fraction and incubated at 37°C for 30 min. For digesting the RNA after the affinity purification, the RNase is added to the avidin agarose beads which are bound to the spliceosomal complexes. We mix the RNase into the beads a few times during the incubation since the beads contain very little buffer.
RNase T1: For digesting the RNA with RNase T1, 3 l of 1 M MgCl 2 was added to a 300 l aliquot of gel filtration fraction. The RNase T1 (Boehringer Mannheim) is supplied as a suspension in ammonium sulfate. To use this enzyme, a 5 l aliquot is spun in a microfuge tube for 1 minute, and then the 5 l supernatant is discarded. The RNase T1 is present in the pellet (which is invisible). The 300 l crosslinked gel filtration fraction should be added to this pellet. It is important to remove the ammonium sulfate because it causes bad salt effects when the proteins are fractionated on gels.
Preparation of Crosslinked Proteins for SDS-PAGE
Gel filtration-isolated complexes.
To prepare the gel filtration-isolated complexes for SDS page, the RNased, crosslinked 300-l gel filtration fraction is mixed with SDS to a final concentration of 2% and DTT to a final concentration of 20 mM. The sample is then heated for 10 min at 65°C. Glycogen (2 l) is added as a carrier and after mixing, 4 vol of room temperature acetone are added. This mixture is left for 10 min at room temperature to precipitate the proteins which are then pelleted by spinning in a microfuge for 15 min. The pellet is dissolved immediately in SDS sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, 0.2M DTT, 0.04% bromophenol blue) and stored at Ϫ80°C or directly loaded onto gels. Prior to SDS-PAGE, protein samples should be heated at 95-100°C for 5 min. For comparing crosslinked proteins from different spliceosomal complexes or labeled at different sites, equal amounts of radioactivity should be loaded in each gel lane. We usually load 20,000 -50,000 cpm on one gel lane. Depending on the specific activity of the 32 P-labeled pre-mRNA, 50-l to 1.5-ml aliquots of the gel filtration fraction are loaded in each lane. Thus, in some cases, the pelleted proteins from the 300-l gel filtration fractions must be pooled. However, it is important to note that samples with high amounts of proteins are retained in the wells. Thus, for optimal detection of the crosslinked proteins, smaller scale splicing reactions (250 -750 l) (Section 2.3) and high specific activity 32 P-labeled premRNA are best. The crosslinked proteins are detected by phosphorimager analysis.
Affinity-purified complexes.
To prepare the affinity-purified spliceosomal complexes for SDS-PAGE, 175 l of protein elution buffer (2% SDS, 20 mM DTT) is added to an aliquot of avidin agarose beads (ϳ100-l beads or less) containing the crosslinked, RNased complexes. After mixing, the beads are pelleted and a second elution is performed using an additional 175 l of elution buffer. The two elutions are then pooled, glycogen (2 l) is added, and after mixing 4 vol of room temperature acetone is added. The proteins are precipitated and resuspended in SDS sample buffer as described for the gel filtration-isolated complexes (Section 3.3.1).
Preparation of Crosslinked Proteins for 2D Gel
Analysis Both the gel filtration-isolated complexes and the gel filtration/affinity-purified complexes can be analyzed on 2D gels. These data can be especially informative for the gel filtration/affinity-purified complexes because the proteins can be detected by silver staining as well as by phosphorimager analysis. This has allowed us to identify several of the crosslinked spliceosomal proteins (12, 15) . To prepare the crosslinked proteins for 2D gel analysis, the proteins are precipitated exactly as described above (Sections 3.3.1 and 3.3.2), but the pellet is resuspended in 100 l of 2D sample buffer (8 M urea, 1.7% NP-40, 1.7% pH 3-10 ampholytes (Bio-Rad)). The first dimension of the 2D gel is nonequilibrium pH gradient gel electrophoresis (pH 3 to 10 ampholytes (Bio-Rad)) and the second dimension is SDS-PAGE. In order to detect the crosslinked proteins on the 2D gel, we usually load between 90,000 and 200,000 cpm. To detect the proteins by silver stain, purified complexes assembled on 2.5-3.5 pmol of pre-mRNA must be fractionated on the 2D gel. If we do not have enough affinity-purified complexes assembled on the crosslinked, site-specific 32 Plabeled pre-mRNA, we mix in noncrosslinked affinity-purified spliceosomal complexes. The noncrosslinked complexes are assembled on 32 P-labeled, biotinylated pre-mRNA in 2.4-ml splicing reactions and then isolated by gel filtration and affinity purification exactly as described for the crosslinked complexes (Section 2.4).
We have found that low molecular weight crosslinked proteins migrate slightly more slowly and slightly shifted to the acidic side of the 2D gel relative to the silver-stained proteins (due to the crosslinked RNase A fragment). In contrast, the high molecular weight silver-stained proteins directly superimpose with the crosslinked proteins. These data can provide evidence that a crosslinked protein corresponds to a particular silver-stained protein.
Immunoprecipitation of Crosslinked Proteins
To obtain direct evidence that a crosslinked protein corresponds to a known protein, immunoprecipitations can be carried out. In order to ensure detection of crosslinked proteins that are directly immunoprecipitated by the antibody versus indirectly immunoprecipitated due to association with the spliceosomal complex, it is necessary to denature the proteins in the gel filtration fractions containing the RNased, crosslinked spliceosomal complexes. To do this, SDS is added to the gel filtration fractions to a final concentration of 1%. The mixture is incubated at 70°C for 5 min, and then Triton X-100 is added to a final concentration of 5%. The antibody coupled to protein A or protein G beads (as appropriate) is then added to a ϳ 1-ml aliquot of the gel filtration fraction containing the crosslinked proteins. The mixture is rotated overnight at 4°C. After extensive washing, the proteins bound to the beads are eluted in SDS sample buffer (Section 3.3.1) or protein elution buffer followed by acetone precipitation (Section 3.3.2). The samples are then fraction-ated on an SDS gel and detected by phosphorimager analysis.
CONCLUDING REMARKS
An example of data in which spliceosomal complexes were assembled on AdML site-specific 32 Plabeled pre-mRNA labeled at a guanosine located 6 nts upstream from the branch site is shown in Fig. 3  (17) . These data illustrate some of the important features of our method for site-specific 32 P labeling/UV crosslinking. In this experiment, the pre-mRNA was assembled into the spliceosomal complexes A/B or C. These complexes were then isolated by gel filtration as shown in Fig. 2 . The H complex, which is abundant at early times in the spliceosome assembly reaction, was present in the A/B complex assembly reaction. All three complexes were crosslinked and treated with RNase A, and then equal amounts of radioactivity were fractionated on a 9% SDS gel. One point that these data demonstrate is the advantage of isolating the splicesomal complexes by gel filtration. As the data reveal, the H complex contains large amounts of crosslinked hnRNP I and other hnRNPs, which are largely absent from the A/B complex. The low level of hnRNP I that is present in the A/B complex is most likely due to low levels of contamination of the A/B complex with the H complex as these complexes elute close to each other on the gel filtration column (Fig.  2) . Conversely, the proteins detected in the A/B and C complexes are not detected in the H complex. Thus, by isolating the complexes by gel filtration, we can identify proteins that are specific to certain complexes.
A second point that these data illustrate is that more than one protein can be detected crosslinking to the same 32 P-labeled RNase digestion product. Two spliceosomal proteins, SAPs 62 and 155, are detected in the A/B and C complexes (Fig. 3) (17) . In the C complex, SAP 155 is phosphorylated and thus migrates more slowly on the SDS gel (17) . Our data indicate that two proteins are detected crosslinking on one RNase A fragment because the RNA is partially protected from the RNase (15). This conclusion is based on the observation that higher levels of SAP 62 and lower levels of SAP 155 are detected when the pre-mRNA is labeled slightly further upstream. Thus, these data allow us to conclude that SAP 62 crosslinks immediately upstream of SAP 155.
